One contribution of 17 to a discussion meeting issue 'Membrane pores: from structure and assembly, to medicine and technology'. A variety of peptides induce pores in biological membranes; the most common ones are naturally produced antimicrobial peptides (AMPs), which are small, usually cationic, and defend diverse organisms against biological threats. Because it is not possible to observe these pores directly on a molecular scale, the structure of AMP-induced pores and the exact sequence of steps leading to their formation remain uncertain. Hence, these questions have been investigated via molecular modelling. In this article, we review computational studies of AMP pore formation using all-atom, coarsegrained, and implicit solvent models; evaluate the results obtained and suggest future research directions to further elucidate the pore formation mechanism of AMPs.
Introduction
Pore formation in lipid bilayers occurs in important biological processes, such as apoptosis [1] [2] [3] , immunity [4, 5] , bacterial toxin function [6, 7] , viral infection [8] and protein translocation [9] , some of which are described by other articles in this issue. In most of these processes, a soluble protein reconfigures and assembles into a membrane-embedded oligomer. Some available structures [10 -12] show a completely proteinaceous pore. However, in other cases, lipids are speculated to participate in the pore's construction [13] . Pores can also be induced in pure lipid bilayers by applying electric fields (i.e. electroporation [14] ).
The antibacterial defence mechanisms of a broad range of organisms also seem to involve membrane pore formation. Antimicrobial peptides (AMPs, or host defence peptides) are usually small, cationic peptides that provide a diverse array of immunological functions [15] [16] [17] [18] . These amphipathic peptides, which assume various secondary structures, can permeabilize lipid bilayers in vivo [19 -21] and in vitro [22] [23] [24] . This, together with the observed lack of dependence on amino acid chirality [25, 26] , led to the suggestion that they target the bacterial membrane, either by forming pores [27] or by dissolving the membrane in a detergent-like fashion (i.e. the carpet mechanism [28] ). Their cationic charge is thought to impart selectivity for bacterial membranes, whose exterior lipid leaflet is negatively charged [29] . Whether membrane permeabilization is the actual lethal event is still actively debated [30, 31] . Other proposed mechanisms include clustering of ionic lipids [32] and targeting intracellular components, such as DNA [33] [34] [35] . Nevertheless, the occurrence of AMP-induced membrane poration is unquestionable, and understanding peptide stabilization of membrane pores has fundamental value independent of its precise role in AMP action. In this article, we will focus on AMPs' membrane-permeabilizing function.
Extensive experimental effort has been invested in characterizing AMPs' membrane interactions and the nature of the pore state. For example, fluorescence measurements have been used to quantify membrane binding and & 2017 The Author(s) Published by the Royal Society. All rights reserved.
leakage from vesicles [36, 37] ; fluorescence applied to giant unilamellar vesicles (GUVs) has allowed direct imaging of permeation [38] [39] [40] ; and fluorescence imaging of live cells has elucidated the sequence of events [31, 41] . Calorimetry has provided the thermodynamic properties of membrane binding [42] . Oriented circular dichroism has provided information on peptide orientation with respect to the bilayer normal [43, 44] . X-ray diffraction has shown reduced membrane thickness upon peptide binding [45, 46] and illustrated the shape of peptide-induced pores [47] . Neutron scattering has provided information on pore size [48] . Electrophysiology studies have described pore ion conductance and its voltage dependence [49 -51] . Solution NMR in detergent micelles has provided structures and sometimes described oligomerization propensities [52] . Solid-state NMR (ssNMR) has provided structural and dynamic information in native environments [53, 54] . Atomic force and electron microscopy have shown AMP-induced membrane damage [55] [56] [57] . However, these pores' lability and transience have prevented the acquisition of an experimental high-resolution structure of an AMP-stabilized pore.
A summary of experiments on the dozens of previously investigated AMPs would be beyond the scope of this review; therefore, we will mostly focus on a few well-studied peptides. Alamethicin is a 20-residue helical peptide of the peptaibol family with charge 0 or 21 [58] . Melittin is a 26-residue cytolytic peptide isolated from bee venom that has low target selectivity [59] . Magainin-2 (hereafter, magainin) is a 23-residue AMP isolated from frog skin that preferentially targets bacterial membranes [60] . Protegrin-1 (hereafter, protegrin) is an 18-residue b-hairpin derived from porcine leucocytes that is stabilized by two disulfide bonds [61] . The latter three peptides are cationic, and as expected, they bind more strongly to membranes containing anionic than zwitterionic lipids [62, 63] . Alamethicin appears to form cylindrical barrel-stave pores, in which the pore lumen is completely lined by peptides [64] , whereas melittin, magainin and protegrin appear to form toroidal pores, in which the two membrane leaflets curve together and the peptides are adjacent to lipid headgroups [48, 65, 66] (figure 1). Magainin exhibits synergy with another AMP from the same family, PGLa [67] , which has also been the subject of ssNMR studies [68] . Dye leakage from vesicles usually does not proceed to completion in the presence of AMPs, suggesting that the pores are transient [69] . However, simple mutations to melittin generate peptides that form pores detectable long after equilibration [70] . Electrochemical impedance spectroscopy has shown the transience of melittin bilayer permeabilization [71] , in sharp contrast with the behaviour of its MelP5 mutant [72] . There is ssNMR evidence that protegrin oligomerizes into a closed b-barrel composed of four or five dimers in anionic bacterial membrane mimetics [73] . Protegrin-1 dimers have been suggested to assume NCCN parallel topology [73] (figure 2a), although solution NMR in detergents yielded NCCN antiparallel topology (figure 2b) [74] . Further, protegrin-3 adopts NCCN antiparallel topology in DPC micelles [75] .
Key questions
Despite valuable information provided by over four decades of experimental investigations, our understanding of membrane pore formation, and therefore our predictive abilities, are severely limited. Presently, it is not possible to predict a peptide's pore-forming ability given its sequence. To generate such predictions, we would need to resolve the following key questions:
1. Pore versus carpet mechanisms. Do well-defined pores form [27] , or is the membrane dissolved in a detergent-like fashion [28] ? There is evidence supporting both models. In favour of the pore mechanism, many experiments using GUVs show permeation without membrane dissolution [39, 76] . However, in other cases, the GUV bursts, supporting the carpet model [77] . Also in favour of the carpet model, some peptides seem unable to adopt transmembrane orientations [78] , although whether such orientations are necessary for pore formation remains to be determined. The carpet model implies quite high peptide concentrations in the membrane, and membrane partitioning measurements suggest that such concentrations are attainable at typical solution concentrations [79, 80] .
2. Pore structure. When well-defined pores are formed, what is their detailed structure? The most common proposed models are the classical barrel-stave pore-where the pore is cylindrical and lined by peptides [81] -and the toroidal pore, where the two membrane leaflets bend and join together [48, 82] . Although toroidal pores' overall lipidic shape has been visualized [27] , the number, position and orientation of the peptide constituents with respect to the pore is unknown. Some computational studies have suggested highly disordered pores [83, 84] (see §3a,b).
3. Pore lifetime. Are the pores long-lived or transient, and what determines their lifetime? What peptide features lead to pore stability or transience? Electrophysiological techniques are the primary sources of direct information on pore lifetime; however, AMP-induced membrane pores seem to change dynamically. For example, time-lapse atomic force microscopy has shown lateral pore expansion with time [85] . 4 . Aggregation. Do the peptides need to aggregate (i.e. directly contact each other) during the pore formation process? Numerous biophysical studies over the past decades have looked for signs of such aggregation (e.g. [86 -89] ). Direct contact is implied in the barrel-stave model but is not necessary in the toroidal model; indeed, most toroidal pore-forming peptides' high charge levels would discourage direct peptide -peptide contact [90] . However, dimerization has been detected for magainin [91] , protegrin [74] and other AMPs in detergent micelles.
5. Pore formation pathway. Do the peptides adsorb to the membrane surface as monomers and then oligomerize? Is the reverse possible? At what point does pore opening occur? The exact sequence of steps and the factors that influence their interaction have not been completely elucidated for any peptide.
6. Selectivity and toxicity. What is the origin of most AMPs' selectivity towards bacterial membranes and other AMPs' toxicity towards mammalian cells? The prevalent explanation is that most AMPs' positive charge directs them towards negatively charged bacterial membranes (as opposed to the largely neutral outer leaflet of mammalian membranes). However, the situation is somewhat more complex. For example, both melittin and magainin are positively charged and bind anionic membranes more strongly than zwitterionic ones. However, melittin preferentially permeabilizes zwitterionic membranes [92] , whereas magainin does so for anionic membranes [93] . This shows that there is no simple correlation between membrane affinity and permeabilization. Other contributions to selectivity include the effects of cholesterol (which is present in mammalian but not bacterial membranes) and the magnitude of the transmembrane voltage [29] . The dominant determinant of toxicity seems to be hydrophobicity, which is usually positively related to binding strength to neutral membranes and haemolysis (e.g. [94] ).
Computational investigations
The lack of an experimental atomic-level picture of peptidestabilized pores has prompted numerous molecular modelling studies. The standard computational technique in molecular biophysics is classical molecular dynamics (MD) simulations: all peptide, lipid and water atoms are represented by particles interacting according to an empirical energy function, and Newton's equations of motion are solved to provide an atomic-level view of the system on a time-scale dependent on the available resources, currently limited to the microsecond range. Because pore formation typically occurs on much longer time-scales, a single MD trajectory normally cannot show the entire sequence of events from water-soluble (usually unfolded) peptides to folded, membrane-inserted oligomeric pore. Hence, researchers have resorted to the following courses of action:
(a) Study putative initial steps of the pore formation process, such as monomer binding to a lipid bilayer [95] or association between two peptides in water, on the membrane surface or inside the membrane [96] . (b) Use free energy calculation techniques, such as umbrella sampling [97] or adaptive biasing force [98] , to compute the free energy profiles (or potentials of mean force; PMFs) for these elementary steps. These calculations are time-consuming and expensive, with slow convergence reported [99] . (c) Start the simulation closer to the putative final pore state (e.g. with preformed pores [100] or several inserted transmembrane peptides [101] ). Sufficiently long simulations should remove the initial bias and allow the system to relax to a local free energy minimum, which hopefully will be the desired pore state.
An alternative way to address the limitations of atomistic simulations is to simplify the model. One popular direction is to employ coarse-grained (CG) simulations, which represent the lipids, water and often the peptide itself with particles corresponding to more than one atom [102] [103] [104] . Several procedures to devise CG representations have been implemented: interactions between CG 'beads' can be calibrated to reproduce forces between corresponding groups of atoms in atomistic simulations [105] , or the CG system's density, phase transitions or structure can be adjusted to match the physical system's characteristics [106] . CG modelling speeds up the computations considerably, but the added approximations can cause problems. For example, the representation of groups of four water molecules by one particle may not be appropriate for small pores [107] , and peptide secondary structure is usually fixed, preventing conformational adaptation. Even greater simplification is attained by implicit solvent simulations, which represent water and lipids implicitly through extra terms in the energy function. Implicit solvent models were first created for water-soluble proteins [108] [109] [110] and were extended to membranes soon afterwards [111] [112] [113] [114] . Such models can easily account for surface charge using the Gouy-Chapman theory [115] . Implicit membrane models typically describe intact membranes, but one model permits dynamic changes in membrane thickness [116] , and Implicit Membrane Model 1 (IMM1), developed in our laboratory, has been extended to pores [117, 118] . In IMM1, pore shape is specified by making the radius R dependent on vertical position within the membrane, z 0 , according to a desired curvature k [118] [119] [120] (figure 3). Transmembrane voltage [121] , membrane dipole potential [122] and lateral pressure effects [123] can also be included in IMM1. Because the Gouy-Chapman theory is restricted to modelling flat anionic membranes, the electrostatic potential in anionic membrane pores is found by numerical solution of the Poisson -Boltzmann equation, with the bilayer's dielectric properties represented by a five-slab model accounting for solvent, lipid headgroup and lipid tail regions [119, 120] .
Below ( §3a-c), we review the available computational results on AMP pore formation obtained by all-atom, CG and implicit modelling. Earlier general reviews of this topic can be found in [124] [125] [126] [127] [128] . A review of computational studies of protegrins is also available [129] .
(a) All-atom modelling
In addition to AMP studies, atomistic simulations have been used to study pore formation in pure lipid bilayers. Because this is not a spontaneous process, it has to be induced, either by application of an electric field (as in the Figure 1 . Schematics of (a) barrel-stave, (b) toroidal and (c) semitoroidal pores. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160219 experimental electroporation process [130 -133] ) or by constraining collective variables [134 -136] . However, many of the latter approaches suffer from slow convergence and hysteresis [137] . In addition, pronounced force field dependence has been noted in the calculated free energy of pore formation [138] , which impacts interpretation of the AMP simulations mentioned below. Strong force field dependence of results has also been reported in another study [139] . The simplest objective of AMP simulation research has been to examine monomer binding, usually parallel to the membrane surface and in a transmembrane orientation. This has been done for numerous peptides, such as melittin [140] [141] [142] [143] , alamethicin [144] , magainin [145] , protegrin [146] and others [147 -150] . The peptide is usually placed on the membrane interface with the more hydrophobic side towards the membrane, but it can also be placed a small distance from the membrane, in which case it usually binds rapidly (e.g. [151] ). Simulations have also been performed in micelles [152, 153] , because they are the standard medium in solution NMR. Simulations like these reveal details of AMPs' orientation, depth of membrane insertion and lipid interactions but give no information about the permeabilization mechanism.
Spontaneous pore formation starting from peptides dissolved in the water phase has rarely been observed in simulations. The only reported examples in AMPs are a study of a magainin derivative [83] and a similar subsequent study of melittin [84] , which inspired the 'disordered toroidal pore' model. The exceedingly fast insertion observed in those studies may have been caused by the systems' lack of counterions. A similar issue was noted in a simulation of spontaneous translocation of an arginine-rich peptide [154] . Recent microsecond-scale atomistic MD simulations of multiple melittin -membrane systems showed bent U-shaped conformations of melittin without any transmembrane insertion or pore formation [155] .
The difficulty of observing spontaneous pore formation has led to efforts to circumvent the time-scale problem by starting from preformed pores or preinserted peptides. An early example is simulations of transmembrane helical alamethicin bundles [156, 157] . Similar studies have been done on other peptides; for example, a transmembrane melittin tetramer was found to decay to a trimer and generate a toroidal pore in 5.8 ns [158] . Increases in available computational power have gradually allowed much longer simulations. Work in our laboratory compared alamethicin with melittin in preformed pores and confirmed their preference for cylindrical and semitoroidal pores, respectively [159] . Further work examined the influence of intrapeptide charge position and imperfect amphipathicity (i.e. the presence of polar or charged sidechains within a peptide's hydrophobic part) on pore character [160] .
Other groups have studied melittin tetramers, either halfinserted [161] or fully inserted [162] in preformed pores. The latter study found that antiparallel arrangement and reduced peptide folding yielded stable toroidal pores. Another group studied various oligomers on the surface or in transmembrane orientation [163] . Our group's much longer atomistic simulations of a melittin tetramer conducted on the Anton supercomputer revealed a classical toroidal pore characterized by dynamic orientation change of one or two peptides (figure 4a) [101] . Similar simulations of magainin and PGLa in lipid membranes showed a different picture: highly tilted peptides around a very small pore, with tilt angles in agreement with ssNMR experiments (figure 4b) [164] . This work also provided insights into the synergy between these two magainin-family peptides: more transmembrane orientations, stronger interactions, and a larger and more ordered pore were seen in the 1 : 1 heterotetramer with antiparallel helix arrangement than in homogeneous peptide mixtures [164] . Starkly different results were obtained for another AMP called piscidin: a 26 ms Anton simulation starting from 20 peptides in four barrel-stave pores resulted in almost all peptides moving to a surface-bound state, suggesting a non-pore mechanism for this peptide [165] .
Complete b-barrel models of protegrin-1 based on the experimentally suggested NCCN parallel b-barrel structure have also been subjected to all-atom simulations [55,166 -168] . Our laboratory has produced alternative models of protegrin barrels based on implicit modelling results (see §3c), which show the highest octameric b-barrel stability in NCNC parallel topology [169] . We also observed that the intrinsic tilt and twist values of NCNC parallel tetramers tend to form protegrin-1 into an arc shape, which form stable pores on a time-scale of 300 ns [100] (figure 5). However, longer explicit simulations (unpublished) show a lipid entering the pore lumen displacing water, implying that a single NCNC parallel tetrameric arc may be insufficient for a stable conductive pore.
In addition to standard MD simulations, attempts have been made to obtain thermodynamic information about putative steps in the pore formation pathway via free energy calculations. For example, PMFs have been calculated for protegrin dimerization [96] , adsorption of monomers and dimers to membrane bilayer interfaces [170] , and insertion into a lipid bilayer [171] in an effort to clarify the major steps in protegrin pore formation. Another study calculated PMFs for protegrin's orientation within membrane bilayers, finding a significant tilt angle at the optimal orientation [172] . The free energy of melittin binding and reorientation in phospholipid bilayers has also been calculated [95, 173, 174] , as well as (b) Coarse-grained modelling CG modelling of AMP pore formation can offer unique insights, as it allows longer simulation times and larger systems than all-atom modelling. Most CG studies so far have used the MARTINI model [102, 107] , but models that employ coarser graining have also appeared [176] . MAR-TINI-based studies have included: a study of PAMAM dendrimers that showed unacetylated molecules forming pores [177] ; a study of alamethicin that showed aggregation and some transitions to an interfacial state [178] ; a study of the synthetic LS3 peptide that showed the spontaneous formation of mostly hexameric barrel-stave pores [179] ; a study showing spontaneous pore formation by a hydrophobic magainin derivative [180] ; a study of magainin and melittin that found U-shaped conformations for melittin and disordered toroidal pores for magainin [181, 182] ; studies of antimicrobial lipopeptides that found clustering of anionic lipids but no pore formation [183, 184] ; a dissipative particle dynamics study of eight AMPs employing a MARTINI-like model showing pore formation and translocation [185] ; and a study of the AMP maculatin showing that an increased peptide-to-lipid ratio caused an interfacial -transmembrane orientation change and cooperative membrane insertion of peptide aggregates without a well-defined central pore lumen [186] . The last authors also observed maculatininduced spontaneous membrane curvature and used that evidence to suggest that pore formation may not be responsible for maculatin's activity. In a larger-scale setting, beyond the practical limits of all-atom simulations, up to 1600 magainin peptides added to only one side of the bilayer induced spontaneous buckling and vesicle budding of the lipid bilayer [187] . While these results sound very promising, some issues raise questions about their reliability. The pores observed in CG simulations often contain no water [178, 181, 188] , and coarse graining the water to a spherically symmetric particle corresponding to four water molecules limits reproduction of the pore's structural details. A detailed comparison of CG with atomistic simulations revealed deficiencies in the CG pore structures [189] . Models that employ polarizable CG water models provide improvements [107, 190] , although they still have difficulties forming aqueous pores under standard parametrization. Coarse graining of the abundant water molecules is generally a quite important factor in the computational efficiency gains offered by CG: one study estimated a speed-up factor of 50 from coarse graining the water molecules [191] .
(c) Implicit solvent modelling
In the 1980s and 1990s, when atomistic simulation of peptides in membranes was out of reach, researchers were forced to develop simple ways to account for the membrane environment [192] [193] [194] [195] [196] . The newer generation of implicit membrane models [112] [113] [114] are extensions of implicit aqueous solvation models [108] [109] [110] and thus account for the energetics of both membrane insertion and conformational changes. The Poisson-Boltzmann continuum model can also be used to study peptide -membrane interactions [197, 198] , but usually for static peptide configurations. Even with modern computational power, implicit membrane modelling allows studies that are impossible with all-atom and CG methods and facilitates unique insights because of its fast convergence and simple energetic interpretation.
Modern implicit membrane models are routinely and trivially used to determine the configurations and membrane binding energetics of AMP monomers (e.g. [118, 199] ). More sophisticated approaches have included the effects of transmembrane voltage, dipole potential and lateral pressure profile [121] [122] [123] . For example, using such simulations, we showed that voltage induces the interfacial-transmembrane orientation change in alamethicin [121] , and the addition of a membrane dipole potential term reduced the membrane binding affinity of magainin [122] . Negative lateral pressure at the water -lipid interface stabilized interfacial binding and yielded an interfacial -transmembrane orientation shift with an increased peptide : lipid ratio, in accord with experiment. Further, with the inclusion of a lateral pressure term, an increased DOPE mole fraction in mixed DOPC : DOPE bilayers stabilized interfacial as opposed to transmembrane orientations [123] .
Additional results of interest have been produced by implicit pore modelling [115, 118, 120] . When we compared peptide binding with pores of different shapes, we found that most AMPs bind more favourably to both zwitterionic and anionic toroidal pores than to flat membranes [118, 120] . Alamethicin exhibited similar transfer energy to cylindrical and toroidal pores, whereas toroidal pore-forming peptides, such as melittin, exhibited a preference for toroidal pores. One factor driving these favourable transfer energies appears to be imperfect amphipathicity, which reduces binding strength to flat membranes but does not affect binding to membranes with positive curvature. Melittin and protegrin are examples of this type of amphipathic structure. (Note that the term 'imperfect amphipathicity' has a broader meaning in Wimley's independently developed interfacial activity model [200] .)
A large-scale computational study using IMM1 analysed activity determinants of 53 a-helical AMPs [201] , testing the hypothesis that antimicrobial and haemolytic activity correlate with binding affinity to anionic and zwitterionic membranes, respectively. Antibacterial and haemolytic activity were found to correlate best with transfer energy to rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160219 membranes with anionic lipid fractions greater than 30% and 10%, respectively. Surface area occupation, insertion depth and structural fluctuation were significantly correlated with antibacterial, haemolytic and both activity levels, respectively. Peptides active at low membrane surface coverage ratios tended to be those identified in the literature as pore-forming. Further, the transfer energy to toroidal pores was negative in almost all cases, while that to cylindrical pores was more favourable in neutral than anionic pores, and pore transfer energy correlated with deviation from the predictions of the carpet model. There were significant correlations of hydrophobic quadrupole moment (a biophysical descriptor related to imperfect amphipathicity) with lethality against both Escherichia coli and red blood cells.
An investigation of putative protegrin b-barrels was an interesting application of this approach. ssNMR results had suggested NCCN parallel topology [73] ; however, in that topology, the barrels were much less stable in implicit pores than those in NCNC parallel or NCCN antiparallel topologies, because the latter two topologies allow all monomers' hydrophobic sides to face the membrane [169] . Explicit simulations also showed the NCNC parallel topology to be more stable. Further work compared protegrin with a variety of similar b-hairpin AMPs ( figure 6) ; the results showed that most lack stability when inserted into pores as b-barrels, casting doubt on the validity of the b-barrel pore formation mechanism for the entire b-hairpin AMP family [119] . These conclusions would have been very difficult to reach without decisive insights generated by implicit solvent simulations.
Implicit simulations in our laboratory that accounted for the free energy cost of acyl chain exposure showed that certain antiparallel alamethicin bundles have lower free energy than parallel ones and could be present under experimental conditions [205] . Multiple combinations of radius and oligomeric number were investigated, with all oligomeric numbers 5 -9 forming open pores at their optimal radii. All oligomers 6-9 had comparable energies, consistent with multiple experimentally observed conductance levels [206] and the barrel-stave model. The N-terminal part was less tilted than the C-terminal part, resulting in hybrid funnel/ hourglass pore shapes; this shape was not affected by transmembrane voltage, but pore stability was. The presence of a pore raised the total effective energy, suggesting that alamethicin pores may correspond to excited states stabilized by voltage and ion flux.
Conclusion and future directions
Computational studies have provided a wealth of insights on pore-forming peptides, some of which have been listed above. However, the limitations and uncertainties of the calculations have not allowed definitive conclusions. Moreover, many studies focus on certain stages of the pore formation process, such as early membrane binding and dimerization or the final pore state. Thus, a picture of the entire process is still lacking. In some cases, modelling results seem to conflict with each other: in the example case of melittin, one study found disordered pores with half-folded peptides [84] , and another found mostly helical peptides around a classical-type toroidal pore [101] . The origin of these discrepancies-whether the force field or other technical details-needs to be clarified, and convergence needs to be Figure 6 . Surface hydrophobicity levels of b-hairpin AMPs. Red: more hydrophobic; white: less hydrophobic according to a normalized consensus hydrophobicity scale [202] . Side views of each hairpin after 200 ps of MD simulation in water and 300 minimization steps: (a) protegrin-1; (b) u-defensin; (c) tachyplesin; (d ) polyphemusin; (e) gomesin; (f ) androctonin; (g) YGKRGF; (h) AGGKGF. The latter two are from the combinatorial library in [203] . All peptides are oriented with the more hydrophobic side to the left and the turn region down. The black lines denote the borders of a 26-Å-thick membrane region with transmembrane insertion. The molecular graphics were produced using VMD 1.9.2 [204] .
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achieved. As always, experimental validation will be necessary for reliable conclusions. The 'to-do' list in this field is long and exciting. The ability to perform multi-microsecond MD simulations on Anton or other powerful computers has started to provide better-equilibrated pore structures and detailed views of peptide -lipid interactions. Extending the time-scale to a millisecond, which is now conceivable with Anton II [207] , may bring into view processes like spontaneous aggregation, pore formation, expansion, contraction and annihilation. This will start to provide information on not only pore structure but also dynamics. Additional PMF calculations of higher-order oligomer insertion into lipid membranes, similar to those available for monomers and dimers, are also needed to obtain the complete energetic landscape for pore formation. It would also be useful to increase the diversity of lipid membrane compositions simulated, because activity and toxicity are clearly dependent on membrane lipid composition.
CG simulations face some challenges to reproduce the details of peptide-stabilized pores. One possible way forward could be mixed-resolution models that represent system components at different resolution levels according to importance (e.g. [208 -210] ), or adaptive resolution models whose resolution depends on location [211] . However, application to membrane pores will not be trivial. An additional challenge is that peptide conformation is usually restrained in CG simulations, which is not ideal, as considerable evidence indicates that conformational changes in AMPs are possible during the poration process [212] . A challenging solution to this problem could come from the development of CG peptide models that correctly reproduce the environment-dependent conformational distribution. Because of the above-mentioned difficulties, the investigation of large-scale membrane remodelling effects (e.g. membrane bilayer buckling and vesicular budding [187] ) may be a more fruitful application of CG models. Significant work remains to be done, e.g. to understand the effects of the dependence of area per lipid on the peptide : lipid ratio and how this determines the properties of both quasi-spherical vesicular buds and their narrow necks.
Implicit membrane models could also be further developed. Extensions to curved membranes would allow a more systematic exploration of the effects of curvature, especially Gaussian curvature [213] , on peptide binding. One significant limitation of most implicit models is the assumption that the membrane is fixed. Large-scale changes, like bilayer buckling or vesicular budding, are very difficultand perhaps counterproductive-to pursue via implicit solvent methods. However, making pore radius or shape dynamic simulation variables is feasible. Some of these developments are in progress in our laboratory.
Eventually, to enable quantitative predictions, we need to develop a detailed molecular thermodynamic model of peptide-induced pore formation. That would require quantitative characterization of contributions to the pore state's free energy from peptide-peptide, peptide -lipid and lipidlipid interactions. Implicit solvent models are best positioned to provide the first two terms; however, their quantitative accuracy needs to be ascertained by comparison with atomistic PMF calculations. Although we have previously done this by computing PMFs between ionizable side chains in solution [214] and at the bilayer-water interface [215] , it is also necessary to consider free energy profiles for entire peptides, as has been done for glycophorin A [216] and model peptides [38] . A critical ingredient in this energetic landscape is the free energy of opening a pore in a pure bilayer (i.e. lipid -lipid interactions in the above scheme). This contribution has previously been estimated roughly from line tension measurements [217] , but such values suffer from large experimental uncertainty and correspond to the lowest free energy state of a pore in a pure bilayer. Although we need to know the free energy of lipidic pore formation as a function of radius, shape and lipid headgroup distribution, existing approaches do not provide this level of detail [134] [135] [136] .
Beyond thermodynamics, dynamic models of pore creation, growth and annihilation would also be useful. For example, the pore could represent a dynamic state constituted by a growing number of peptides: AMP pores may be able to expand laterally, even to the micrometre scale, until the membrane disintegrates [85] . Some elementary dynamic models have already appeared; e.g. one study estimated that 100 total protegrin pores are necessary to kill an E. coli cell [218] using a rough, static estimate of pore size. Future multi-scale approaches could integrate atomistic MD simulations, mesoscale models of single-pore electrodiffusion and models of transient bacterial cell ion transport [219] .
Integrated multi-scale computational models could not only provide a general understanding of AMPs' pore formation mechanism but facilitate the development of efficient antimicrobial pharmaceutical products. Iseganan IB-367, a novel protegrin AMP designed for activity against microflora associated with oral mucositis [220] , was granted fast-track status in both the USA and European Union for a Phase II/III trial for prevention of nosocomial pneumonia [221] . However, those trials were discontinued in 2004, as they failed to show improvements over existing treatments, and no AMP-based drugs have ultimately been given final approval, despite these compounds' promisingly low in vitro minimum inhibitory concentrations. A bottleneck has been most AMPs' high toxicity levels at therapeutic doses [129] . Several other AMPs are in clinical development, such as thanatin and heliomycin [222] , but the lack of detailed understanding of AMPs' mechanisms of action has limited the rational design of AMP-based therapeutics. Future insights from computational studies could facilitate efficient drug design by identifying peptides with the desired pharmacological properties.
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